ABSTRACT Ginseng (Panax ginseng C.A. Mey.) is one of the most important medicinal herbs for human health and medicine, for which ginsenosides are the major bioactive components. The cytochrome P450 genes, CYP, form a large gene superfamily; however, only three CYP genes have been identified from ginseng and shown to be involved in ginsenoside biosynthesis, indicating the importance of the CYP gene superfamily in the process. Here we report genome-wide identification and systems analysis of the CYP genes in ginseng, defined as PgCYP genes. We identified 414 PgCYP genes, including the three published PgCYP genes. These PgCYP genes formed a superfamily consisting of 41 gene families, with a substantial diversity in phylogeny and dramatic variation in spatiotemporal expression. Gene ontology (GO) analysis categorized the PgCYP gene superfamily into 12 functional subcategories distributing among all three primary functional categories, suggesting its functional differentiation. Nevertheless, the majority of its gene members expressed correlatively and tended to form a coexpression network and some of them were commonly regulated in expression across tissues and developmental stages. These results have led to genome-wide identification of PgCYP genes useful for genome-wide identification of the PgCYP genes involved in ginsenoside biosynthesis in ginseng and provided the first insight into how a gene superfamily functionally differentiates and acts correlatively in plants.
G
inseng is one of the most important medicinal herbs and has been cultivated for millennia in Asia, especially in China, Korea, and Japan. Its closely related species, American ginseng (P. quinquefolius L.), is also cultivated as a medicinal herb in North America. Studies have documented that ginseng has numerous bioactive compounds that are remarkable for human health and medicine; nevertheless, ginsenosides, a diverse group of triterpene saponins present in all tissues of ginseng, are recognized as the most valuable (Choi, 2008; Zhang et al., 2014) . The identified bioactivities of ginsenosides for human health and medicine include, but are not limited to, immunomodulation (Kenarova et al., 1990) , anti-inflammation (Matsuda et al., 1990) , antitumor (Sato et al., 1994; Mochizuki et al., 1995) , antihyperlipidemia (Cho et al., 2006) , and antiamnestic and antiaging activities (Cheng et al., 2005) .
The genes encoding cytochrome P450, CYP, are known to exist in a large gene superfamily. They are present in all organisms including plants, animals, and microbes (Nelson and Werck-Reichhart, 2011) . As of 2013, ~7512 CYP450 genes have been identified in plants (Renault et al., 2014) , but only three CYP genes have been so far identified from ginseng (Han et al., 2011 (Han et al., , 2012 (Han et al., , 2013 . The CYP genes are involved in a variety of metabolisms such as endogenous oxidation reactions, detoxification of xenobiotics, and biosynthesis of secondary metabolites (Matsui et al., 1996; Xiang et al., 2005; Guengerich, 2007; Pinot and Beisson, 2011; McLean et al., 2012) . Importantly, the CYP genes have been also shown to be involved in biosynthesis of ginsenosides in ginseng (Han et al., 2011 (Han et al., , 2012 (Han et al., , 2013 , suggesting the importance of the CYP gene superfamily in the process. Therefore, genomewide identification and characterization of the CYP genes present in ginseng is of significance for advanced ginsenoside biosynthesis research and breeding.
Furthermore, the CYP gene superfamily is also an excellent system for studies of functional differentiation and expression correlation and regulation among the members of a gene family or superfamily. Genome sequence analysis has revealed that most protein-encoding genes exist in multiple copies or a form of family in the genomes of higher organisms (Schnable et al., 2009 ). For instance, maize (Zea mays L.) was identified to have 32,540 protein-encoding genes, of which there are 11,892 gene families (Schnable et al., 2009) . Therefore, systems studies of gene families or superfamilies in a genome are of significance for comprehensive understanding of many biological processes including the ginsenoside biosynthesis. Several gene families of biological and economical importance, including the nucleotide binding site (NBS)-encoding gene family, receptor-like kinase (RLK) gene family, and CYP gene superfamily, have been extensively studied in several plant species such as Arabidopsis thaliana (L.) Heynh. (Meyers et al., 2003; Shiu et al., 2004; Paquette et al., 2000; Nelson et al., 2008) , rice (Oryza sativa L.) (Shiu et al., 2004; Nelson et al., 2008; Zhang et al., 2010) , soybean [Glycine max (L.) Merr.] (Guttikonda et al., 2010; Zhang et al., 2010) , and cotton (Gossypium spp.) (Zhang et al., 2010) . Nevertheless, these studies were largely focused on identification, phylogeny, evolution, and spatiotemporal expressions of gene families. Little is known about functional differentiation and expression correlation and regulation among the members of a gene family or superfamily. Systems analysis of the CYP gene superfamily will provide an insight into these aspects of gene families in plants.
Therefore, in the present study we conducted a genome-wide investigation of the CYP gene superfamily present in ginseng with an emphasis on the identification and systems analysis of functional differentiation and expression correlation among the members of the gene superfamily. We identified 414 CPY genes, including the three published CYP genes (Han et al., 2011 (Han et al., , 2012 (Han et al., , 2013 , from a ginseng transcriptome database recently developed from 14 tissues of a 4-yr-old ginseng plant (Wang et al., 2015) . These CPY genes were defined PgCYP001 through PgCYP414. Moreover, we examined, as done in the studies of the CYP gene superfamily in other plant species (Paquette et al., 2000; Nelson et al., 2008; Guttikonda et al., 2010) , the phylogeny, evolution, and spatiotemporal expressions of the gene superfamily in ginseng and, importantly, also conducted a systems analysis of the functional differentiation and network among the members in the PgCYP gene superfamily. These results provide gene resources useful and essential for genome-wide identification of PgCYP genes involved in the biosynthesis of ginsenosides and also provide a first insight into the functional differentiation and expression correlations among the members of a gene family in plants.
MATERIALS AND METHODS

Ginseng Transcriptome Databases
Three transcriptome databases of ginseng, including transcript sequences and expressions, were used for this study. The first one was developed from 14 tissues of a 4-yr-old ginseng plant (Wang et al., 2015 ; accession numbers SRX1445566-SRX1445579), the second from the roots of 5-, 12-, 18-, and 25-yr-old ginseng plants (Wang et al., 2015 ; accession numbers SRX1445580-SRX1445583), and the third from the 4-yr-old roots of 42 ginseng farmers' cultivars (Yin et al., 2017) . The genotypes, origin, and ages of the plant materials used for the generation of these three databases are presented in Supplemental Table S1 .
Identification of PgCYP Genes
Because the CYP gene superfamily consists of a large number of gene members that are diverse, as low as 16% at the amino acid sequence level (Werck-Reichhart and Feyereisen, 2000) , we used a four-step approach to identify the CYP genes expressed in ginseng, PgCYP genes, from the ginseng transcriptome database developed from 14 tissues of a 4-yr-old ginseng plant (Wang et al., 2015) . First, we extracted >6000 plant CYP genes from National Center for Biotechnology Information (NCBI) nucleotide database and used them as queries to blast the ginseng 14-tissue transcriptome database with a cutoff value of 1.0 ´ 10 −6 (Johnson et al., 2008) . Second, the ginseng transcripts identified from the first step were used as queries for further search against the 14-tissue transcriptome database at a cutoff value of 1.0 ´ 10 −6 (Johnson et al., 2008) . These BLAST searches helped maximize identification of the CYP genes from the ginseng database. Third, these identified transcripts were aligned and annotated with the NCBI nonredundant protein database at a cut-off value of 1.0 ´ 10 −6 . The transcripts that were annotated into CYPs were selected for further analysis (Supplemental Table S2 ). Finally, the transcripts derived from a single gene and identified with the same gene ID defined by the Trinity software (see Wang et al., 2015) were subjected to alignment analysis. Only those having an identity of 100% in a length of at least 200 nucleotides-the size of CYP transcript with minimal length-were selected as the alternatively spliced transcripts of the gene.
Identification of Conservative Motifs Contained in PgCYP Genes
Previous study showed that the proteins of CYP genes have three extremely conservative amino acid motifs, Heme-binding (FXXGXXXCXG), K-helix (EXXR), and the proton-transfer groove (PERF) (Hasemann et al., 1995) . To further confirm and characterize the PgCYP genes, we identified their conserved motifs with representative genes randomly selected from the PgCYP genes using the MEME program (Bailey and Elkan, 1995) . A cutoff P-value of £1.0 ´ 10 −50 was used for the analysis.
Classification and Phylogenetic Analysis of PgCYP Genes
We classified and phylogenetically analyzed the PgCYP genes based on the amino acid sequences of their putative proteins. Therefore, we translated the transcripts of the PgCYP genes into protein sequences and identified their putative open-reading frames (ORFs) using ORFfinder (http://www.ncbi.nlm.nih.gov/projects/gorf/). Moreover, the predicted ORFs of the PgCYP transcripts were verified by BLASTp against the NCBI nonredundant protein sequence database. The verified PgCYP transcripts that contained complete ORFs were classified based on the similarity of their putative protein sequences as described by Nelson et al. (1996) . Briefly, if the protein sequence similarity of two PgCYP transcripts was ³40%, they were assigned to the same CYP family; otherwise, they were assigned to different families. If the protein similarity of two PgCYP transcripts was between 40 and 55%, they were assigned to two different subfamilies in the same family. If the protein similarity of two PgCYP transcripts was >55%, they were assigned to a same subfamily. The nomenclature of the PgCYP genes followed Nelson and Werck-Reichhart (2011) . The phylogeny of the PgCYP gene superfamily was established also using the verified transcripts of the PgCYP genes that contained complete ORFs based on their putative protein sequences. One hundred and five CYP genes previously identified from A. thaliana (At), Table S3 ) were used as outgroup to estimate the evolution of the PgCYP gene superfamily. The protein sequence alignment of these genes was accomplished using ClustalX2 (Larkin et al., 2007) . The clustering algorithm of phylogeny followed the neighbor-joining method with 1000 bootstrap replications (Larkin et al., 2007) . The neighbor-joining method has been widely used to construct the phylogenies of gene families (e.g., Meyers et al., 2003; Shiu et al., 2004) . The resultant phylogenetic tree was displayed using EvolView (Zhang et al., 2012) .
Expressions of PgCYP Transcripts
Because previous studies showed that the multiexonic genes in plants are frequently subjected to RNA alternative splicing, forming different transcripts or multiple transcripts per gene and with each transcript having a different biological function (Syed et al., 2012) , we quantified the expression of individual transcripts of each PgCYP gene in different tissues, at different developmental stages, and in different genotypes. We extracted the expression of each PgCYP transcript from the above three transcriptome databases: the transcriptome database developed from 14 tissues of a 4-yr-old ginseng plant (Wang et al., 2015) ; the transcriptome database developed from the roots of 5-, 12-, 18-, and 25-yr-old ginseng plants (Wang et al., 2015) ; and the transcriptome database developed from the 4-yr-old roots of 42 ginseng farmers' cultivars (Yin et al., 2017) . The detailed quantification of the expression of each transcript by the RSEM program bundled with the Trinity software was previously described (Wang et al., 2015) .
Estimation of Functional Differentiation of the PgCYP Gene Superfamily
Gene ontology analysis is a sequence-similarity-based bioinformatic tool that has been widely used to in silico functionally categorize genes. Therefore, we estimated the functional differentiation of the PgCYP gene superfamily using the 440 transcripts of the 414 PgCYP genes by GO analysis with the Blast2GO software (Ashburner et al., 2000) followed by enrichment analysis of functional subcategories.
Coexpression Network and Expression Heatmap Analysis
Coexpression network analysis has been widely used to determine the functional and expression relationships among genes (Theocharidis et al., 2009 ), while heatmap is widely used to examine the expression regulation of a group of genes. Therefore, we conducted the coexpression network analysis of the PgCYP genes in different tissues and different genotypes using the BioLayout Express 3D (Theocharidis et al., 2009 ) and their expression heatmaps as previously described (Wang et al., 2015) .
RESULTS
Identification, Conservative Motifs, Classification, and Phylogeny of the PgCYP Genes We identified 440 PgCYP transcripts, including all three published ginsenoside biosynthesis genes: CYP716A53v2_1, CYP716A52v2 _3, and CYP716A47_1 (Han et al., 2011 (Han et al., , 2012 (Han et al., , 2013 , from the ginseng transcriptome database derived from 14 tissues of a 4-yrold plant. These 440 transcripts were derived from 414 PgCYP genes (accession nos. GGRM01000001 -GGRM01000440) as defined by the Trinity software (Grabherr et al., 2011; Haas et al., 2013) . These PgCYP genes were named PgCYP001 through PgCYP414, with PgCYP 137 corresponding to CYP716A53v2_1, PgCYP311 to CYP716A52v2 _3, and PgCYP339 to CYP716A47_1 previously cloned by Han et al. (2011 Han et al. ( , 2012 Han et al. ( , 2013 . The multiple transcripts derived from a single PgCYP gene, such as PgCYP261, were suffixed with an Arabic number, such as PgCYP261-1 and PgCYP261-2 (Supplemental Table S4 ). These PgCYP transcripts were from 201-to 3766-bp long with an average length of 969 bp.
Then, we performed conservative motif analysis of the PgCYP transcripts to further confirm and characterize the PgCYP genes (Fig. 1) . The result showed that all the analyzed PgCYP transcripts contained the three conservative motifs that characterize the plant CYP genes, Hemebinding, K-Helix, and PERF (Fig. 1a) . This result further confirmed the above identification of the PgCYP genes. In addition, we found that the PgCYP transcript proteins were also characterized by four additional conservative motifs defined as Motif 1, 2, 3, and 4 (Fig. 1a) . A majority of the analyzed PgCYP transcripts contained five or six of these seven conservative motifs, and they are distributed along the PgCYP transcripts in the same order (Fig. 1b) .
Next, we characterized the PgCYP genes by systematic classification and phylogenetic analysis. The PgCYP genes were classified based on the classification system of CYP genes established in plants (Nelson and WerckReichhart, 2011) . Since the classification and phylogenetic analysis were both based on putative protein sequences of the genes, we first in silico translated the transcripts into putative proteins. The ORF analysis identified 138 PgCYP transcripts that have complete ORFs and these 138 PgCYP transcripts were derived from 114 PgCYP genes (Supplemental Table S5 ). Therefore, we classified the PgCYP genes using these 138 PgCYP transcripts as representatives. The PgCYP genes formed a gene superfamily that was classified into nine of the 11 clans and 41 families identified for plant CYP genes (Nelson and Werck-Reichhart, 2011) . Clans CYP710 and CYP746 were not found in the PgCYP gene superfamily. Of these nine clans, four (CYP71, CYP72, CYP85, and CYP86) each consist of multiple gene families and five (CYP51, CYP74, CYP97, CYP711, and CYP727) each consist of a single gene family (Supplemental Table S5 ).
Phylogenetic analysis clustered the PgCYP gene superfamily represented by 138 PgCYP transcripts (Supplemental Table S5 ) and 105 CYP genes identified from A. thaliana (At), Siberian-ginseng (Es), sanchi ginseng (Pn), American ginseng (Pq), tomato (Sl), and potato (St) (Supplemental Table S3 ; Fig. 2a ) into 10 clusters (Fig. 2b) . A vast majority of branches of the tree had a bootstrap confidence of 500 (50%) or larger out of the 1000 replications performed. Of the 10 clusters, nine contained one or more PgCYP genes, while the other cluster consisted of only AtCYP, SlCYP, and StCYP genes from the outgroup species. Therefore, the PgCYP genes were clustered into nine clusters. This phylogeny of the PgCYP genes, as expected, was consistent with the classification of the PgCYP genes (Fig. 2b) . Every PgCYP clan, except for the 727clan that contained only one CYP gene, PgCYP727A1, contained one or more AtCYP genes from A. thaliana. Because A. thaliana is the most distantly related to P. ginseng among the six outgroup species, this result suggested that the PgCYP gene superfamily and at least eight of its nine clans originated before split between genera Arabidopsis and Panax. When the nine clans of the PgCYP gene phylogenetic tree were compared, it appeared that the 711clan, 51clan, 71clan, 74clan, 727clan, and 710clan originated earlier than 97clan, 72clan, and 86clan.
Functional Differentiation of the PgCYP Gene Superfamily
Moreover, we examined the functional differentiation of the PgCYP gene superfamily by in silico functionally categorizing the 440 transcripts, accounting for 414 gene members of the PgCYP gene superfamily by GO analysis. As a result, 434 of the 440 PgCYP transcripts were categorized into one or more GO terms (Supplemental Table S2 ). These PgCYP transcripts were categorized into all the three primary functional categories, biological process (BP), molecular function (MF), and cellular component (CC) (Fig. 3a) and 12 functional subcategories at Level 2 (Fig. 3b) . These 12 subcategories included four CC subcategories: cell, membrane, Table S5 ). A total of 105 published CYP genes, shown in orange color in the circle, that were identified from Arabidopsis thaliana (At), Eleutherococcus senticosus (Es), P. notoginseng (Pn), P. quinquefolius (Pq), Solanum lycopersicum (Sl), and S. tuberosum (St) were used as outgroup (Supplemental Table S3 ). The clans to which the CYP genes belong are indicated by colors. The numbers for the branches of the tree are bootstrap confidence out of 1000 replications. Different transcripts derived from a single PgCYP gene were shown as v1, v2, and so on.
cell part and organelle; two MF subcategories: catalytic activity and binding; and six BP subcategories: singleorganism process, response to stimulus, cellular process, metabolic process, developmental process and biological regulation (Fig. 3b) . The number of subcategories into which the PgCYP gene superfamily was categorized accounted for one-third of the 36 subcategories of the transcripts derived from 14 tissues of a 4-yr-old ginseng plant (Wang et al., 2015) , suggesting that the functions of the members of the gene superfamily have substantially differentiated. Nevertheless, it was surprising that in spite of the diversity of the PgCYP gene superfamily, the number of its subcategories was fewer than the 36 subcategories of the transcripts of the P. ginseng NBS (PgNBS) gene family (Yin et al., 2017) and the 23 subcategories of the transcripts of the P. ginseng RLK (PgRLK) gene family (Lin et al., 2018) . These results indicated that the PgCYP gene superfamily substantially differentiated in functionality since it was originated, but the magnitude is much smaller than those of the PgNBS and PgRLK gene families in P. ginseng.
Enrichment analysis showed that of the 12 functional subcategories of the PgCYP gene superfamily, only three-catalytic activity, binding, and cell parts-are upenriched in number of the PgCYP transcripts, supporting the basic functions of the CYP gene superfamily in catalytic activity and binding. The number of PgCYP transcripts of these two functional subcategories accounted for >37% of the total GO terms into which the PgCYP gene superfamily was categorized. Of the nine remaining subcategories of the PgCYP gene superfamily, seven were down-enriched and two were not significantly different from those of the whole-genome background (Fig. 3b) .
Spatiotemporal Expressions of the PgCYP Genes
Furthermore, to determine how the members of the PgCYP gene superfamily and how the transcripts alternatively spliced from a PgCYP gene expressed spatially, temporally, and in different genetic backgrounds, we examined the expressions of the PgCYP genes in 14 tissues of a 4-yr-old plant, the roots of plants aged from 5 to 25 yr, and the 4-yrold roots of 42 famers' cultivars to further characterize the gene superfamily (Supplemental Table S1 , S6). Figure 4 shows the expressions of four families of the PgCYP gene superfamily in different tissues and at different developmental stages. In summary, the expression of a PgCYP gene varied dramatically across cultivars, tissues, and developmental stages ( Fig. 4; Supplemental Fig. S1 ). On the other hand, different transcripts alternatively spliced from a PgCYP gene also expressed differentially in the same genotype, in the same tissue, or at the same developmental stage (Fig. 4 ; Supplemental Table S6 ), for instance, those of PgCYP348-1 and PgCYP348-2 in the 5-yr-old root (Fig. 4b) .
Supplemental Fig. S1 shows the expression consistency of the transcripts of the PgCYP gene superfamily across genetic backgrounds, tissues, and developmental stages. Among the 42 cultivars, only 17.3% of the 440 PgCYP transcripts expressed in the roots of all 42 cultivars, whereas ~5.5% were cultivar specific in expression in the 4-yr-old roots and from 0.2 to 3.0% expressed in the roots of 2 through 41 cultivars (Supplemental Fig. S1a ). Among the 14 tissues of the 4-yr-old plant, only 18.6% expressed in all 14 tissues, whereas 26.8% of the 440 PgCYP transcripts expressed in only one tissue and the remaining transcripts expressed in 2 to 13 tissues (Supplemental Fig. S1b ). For the roots of different aged plants, only 126 of the PgCYP transcripts expressed through all four developmental stages spanning 25 yr and 5 through 16 were age specific (Supplemental Fig. S1c) .
Functional Correlation and Expression Regulation among the Members of the PgCYP Gene Superfamily
Finally, given that the members of the PgCYP gene superfamily have functionally substantially differentiated, we examined whether different PgCYP genes are somehow related in functionality. To answer this question, we constructed the coexpression networks of the 440 PgCYP transcripts in different tissues of a 4-yr-old ginseng plant ( Fig. 5a ; Supplemental Table S7 ) and the 4-yr-old roots of 42 cultivars (Supplemental Fig. S2a ; Supplemental Table S8) , respectively, at a cutoff value of P £ 1.0 ´ 10 −2 . We found that 416 (94.5%) of the 440 transcripts formed a coexpression network consisting of 416 nodes, 9201 edges (Fig. 5a) , and 26 clusters (Fig. 5b ) in different tissues of the 4-yr-old plant and that 274 (62.3%) of the 440 transcripts formed a coexpression network made of 274 nodes, 1506 edges (Supplemental Fig. S2a) , and 21 clusters (Supplemental Fig. S2b ) in the 4-yr-old roots of different cultivars. Statistical analysis showed that the PgCYP transcripts more significantly tended to form coexpression networks than those randomly selected unknown ginseng transcripts in both different tissues of the 4-yr-old plant (Fig. 5c-f ) and 4-yr-old roots of different cultivars (Supplemental Fig. S2c-f ). For the 4-yr-old roots of the 42 cultivars, although the networks of the randomly selected unknown ginseng transcripts had more nodes than the PgCYP transcripts at P £ 5.0 ´ 10 −2 and P £ 1.0 ´ 10 −2 , they had fewer edges than the PgCYP transcripts at P-values from 5.0 ´ 10 −2 to 1.0 ´ 10 −8 . These results suggested that the members of the PgCYP gene superfamily are still expression correlated and thus likely functionally correlated, even though they dramatically diverged at the amino acid sequence level since the PgCYP gene superfamily originated ( Fig. 2 ; Supplemental Table S5 ).
We also investigated whether the genes from the PgCYP gene superfamily were commonly regulated, with an attempt to identify expression signatures that are associated with a particular developmental stage or a tissue through expression heatmap analysis. It was apparent that common regulations existed in different tissues of a 4-yr-old plant (Fig. 6a) and at different developmental stages of roots (Fig. 6b) . For instance, PgCYP093, PgCYP232, PgCYP102, and PgCYP242 were likely commonly regulated in different tissues, and PgCYP093, PgCYP102, and PgCYP352-2 were likely commonly regulated in the roots at different developmental stages. Nevertheless, the transcript expression common regulation did not seem relevant to their origins of the PgCYP genes and gene families. The expression patterns of these gene transcripts were well distinguished among the different tissues of a 4-yr-old plant (Fig. 6a) and among the roots of differently aged plants (Fig. 6b) . The unique expression patterns of these transcripts, therefore, provide useful signatures for ginseng research and applications.
DISCUSSION
The CYP genes participate in numerous biological processes important in plants, including ginsenoside biosynthesis in P. ginseng (Han et al., 2011 (Han et al., , 2012 (Han et al., , 2013 . This study has identified 414 PgCYP genes from P. ginseng, including the three published ginsenoside biosynthesis PgCYP genes (Han et al., 2011 (Han et al., , 2012 (Han et al., , 2013 . Therefore, 411 of the 414 PgCYP genes are newly identified from the species. This result suggests that P. ginseng has a large number of PgCYP genes. Classification and phylogenetic analyses have classified the PgCYP genes into a gene superfamily consisting of 41 families. Moreover, as the PgCYP genes were consistently clustered into the same clades or branches of the gene superfamily tree with the CYP genes identified from other plant species including A. thaliana, the PgCYP gene superfamily originated before Panax split from Arabidopsis and highly diverged.
Furthermore and importantly, this study reveals that the members of the PgCYP gene superfamily, though having a common ancestor, have dramatically differentiated in functionality as indicated by their categorization into 12 GO subcategories at Level 2. However, the magnitude of their functional differentiation is much smaller than those observed for the PgNBS gene family (Yin et al., 2017) and the PgRLK gene family (Lin et al., 2018) in the ginseng species. The transcripts of the PgCYP genes that are involved in catalytic activity, binding and then cell part have been significantly up-enriched, relative to those of the whole transcriptome, suggesting their roles in these processes. Companioned with the process of functional differentiation, the expressions of the members of the PgCYP gene superfamily have also been diversified across tissues, developmental stages, and genotypes, which may be necessary to meet the needs of their differentiated functions. Numerous transcripts of the PgCYP genes have been shown to express specifically or more actively in one of the tissues or in the roots at one of the developmental stages.
Surprisingly, systems analysis shows that despite of their dramatic diversity in structure, functionality, and expression activity, the majority of the members of the PgCYP gene superfamily remain to express correlatively and form a coexpression network. Since the formation of the networks is significantly stronger than that of the randomly selected unknown ginseng gene transcripts in both different tissues and different genotypes, the coexpression of the transcripts is likely a reflection of the functional correlation of the genes. A significant number of them are shown to have consistent expression levels and patterns across tissues and developmental stages. These results suggest that a number of genes in the PgCYP gene superfamily are likely commonly regulated or have the same or related functions in different tissues or at different developmental stages.
Since three of the previously cloned PgCYP genesCYP716A53v2_1 (PgCYP 137), CYP716A52v2 _3 (PgCYP311), and CYP716A47_1 (PgCYP339) (Han et al., 2011 (Han et al., , 2012 (Han et al., , 2013 -were shown to be involved in the ginsenoside biosynthesis in ginseng, it is likely that some of the PgCYP genes identified in this study are also involved in the process. Considering the importance of the ginsenosides in human health and medicine, the PgCYP genes identified in this study provide gene resource that is useful for genomewide identification of the genes involved in ginsenoside biosynthesis, thus enhanced ginseng research and breeding.
CONCLUSION
Ginseng is one of the most important and widely used medicinal herbs for human health and medicine for which its ginsenosides are known to be the major bioactive components. The PgCYP gene superfamily has been shown to be actively involved in the biosynthesis of ginsenosides. This study has genome-wide identified the genes of the PgCYP gene superfamily and characterized it not only in evolution, phylogeny, and expression-as traditionally done for gene families in different speciesbut also in functional differentiation and activity correlation among different members of the gene superfamily. The PgCYP genes and findings resulted from this study provide gene resources essential for genome-wide identification and research of the PgCYP genes involved in ginsenoside biosynthesis and a genome-wide insight into how the members of a gene family or superfamily functionally differentiate and correlate in plants in general and in ginseng in particular.
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